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Abstract 

Background and Purpose: Vascular dementia is the second most common form of dementia but reliable evidence on age-specific associations between blood pressure and risk of vascular dementia is limited and some studies have reported negative associations at older ages.  
Methods:  In a cohort of 4.28 million individuals, free of known vascular disease and dementia and identified from linked electronic primary care health records in the UK (Clinical Practice Research Datalink), we related blood pressure to time to physician-diagnosed vascular dementia. We further determined associations between blood pressure and dementia in a prospective population-based cohort of incident TIA and stroke (Oxford Vascular Study).  
Results: Over a median follow-up of 7.0 years, 11 114 initial presentations of vascular dementia were observed in the primary care cohort after exclusion of the first four years of follow-up. The association between usual systolic blood pressure (SBP) and risk of vascular dementia decreased with age (HR per 20 mm Hg higher SBP = 1.62, 95% CI 1.13-2.35 at 30-50 years; 1.26, 1.18-1.35 at 51-70 years; 0.97, 0.92-1.03 at 71-90 years; p trend = 0.006). Usual SBP remained predictive of vascular dementia after accounting for effect mediation by stroke and TIA. In the population-based cohort, prior SBP was predictive of 5-year risk of dementia with no evidence of negative association at older ages.  
Conclusions: Blood pressure is positively associated with risk of vascular dementia, irrespective of preceding TIA or stroke. Previous reports of inverse associations in old age could not be confirmed.  
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Key Words: hypertension, epidemiology, dementia 
Introduction  Vascular dementia is the second most common cause of dementia1 and is increasing in prevalence in developing countries.2 Vascular dementia usually occurs in association with vascular risk factors or after transient ischaemic attack (TIA) or stroke3 and commonly manifests with a decline in cognitive function, apathy and depression, and can eventually result in death.1,4   Blood pressure, a known causal risk factor for stroke5, has also been identified as a potential risk factor for vascular dementia.6 However, studies have reported conflicting results on the relationship between blood pressure and vascular dementia (Supp. Table I).6 Previous analyses of healthy cohorts and patients with previous diagnosis of TIA or stroke have suggested a positive association between midlife blood pressure (age 40-50 years) and future development of dementia, including vascular dementia.7-9    However, several other studies have suggested that low blood pressure in old age is associated with an increased risk of dementia (Supp. Table I).10,11   The reported negative associations between blood pressure and risk of vascular dementia at older ages may be due to “reverse causality”, that is, vascular dementia causing low blood pressure, due to loss of sympathetic drive, rather than low blood pressure causing vascular dementia.12 Null or negative associations could also result from the prior prescription of BP lowering drugs. Previous studies have been relatively small, limiting their ability to study these interactions reliably (Supp. Table I).  
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 4
To clarify these uncertainties, we sought to determine the associations between blood pressure and risk of vascular dementia both in individuals without prior TIA or stroke and in individuals after TIA and stroke. We therefore undertook an analysis of 4.28 million individuals free from vascular disease and dementia in a contemporary United Kingdom primary care population, supplemented with an analysis of a prospective population-based cohort of patients with TIA and stroke in the Oxfordshire region.  
Methods  
Data sources, population and exposure  We utilized linked electronic health records which have been validated for epidemiological research13 and previously used to examine the relationship between blood pressure and vascular events.14,15 We used data from the Clinical Practice Research Datalink (CPRD, primary care records), linked to Hospital Episode Statistics (HES, hospitalization records) and Office of National Statistics Mortality data (ONS, cause-specific mortality records). All baseline and exposure covariates were defined through the primary care database. Outcomes (i.e. diagnoses of vascular dementia) were defined as the first event from any of the linked data sources, as previously performed.16   Patients were eligible for inclusion if they were between the ages of 30 and 90, inclusive, and had a blood pressure measurement performed between 01/01/1990 and 01/01/2013 at their general practice. We excluded individuals above the age of 90 at baseline who were viewed as being more likely to have undiagnosed vascular dementia causing lower blood pressure (that is, more likely to suffer from reverse causality). Patients additionally had to have their age recorded and registered at a 
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 5
research-standard general practice for at least one year.  Baseline covariates, including body mass index (BMI), smoking status, total cholesterol, HDL cholesterol, diabetes were defined using existing phenotyping algorithms.17 The baseline value for each covariate was defined as the closest measurement within two years of the baseline blood pressure measurement of the covariate. To minimize the risk of reverse causality and confounding (e.g. pre-existing cardiovascular disease causing a reduced blood pressure while predisposing individuals to an increased risk of vascular dementia), we excluded all individuals with pre-existing cardiovascular disease. This was defined as any diagnosis (either during hospitalization or in primary care) prior to the baseline blood pressure measurement of ischemic heart disease (including angina and myocardial infarction), cerebrovascular disease, peripheral arterial disease, heart failure, atrial fibrillation or chronic kidney disease.  
Endpoints We utilized an inclusive definition of vascular dementia (ICD 10 code: F01, Read codes provided in Supp. Table II), defining it as any form of dementia with a physician-diagnosed vascular component. Therefore, for our primary analysis, we considered vascular dementia to be all cases of vascular dementia regardless of the co-existence of Alzheimer’s disease (i.e. mixed dementia). As a secondary analysis, we excluded all individuals diagnosed with Alzheimer’ diseases as well as individuals prescribed donepezil, galantamine, memantine and rivastagime, which are largely used to treat Alzheimer’s disease.18 For all analyses, participants were censored at the earliest of an occurrence of the primary outcome, transfer out of practice, death or last collection date of practice. To minimize the risk of reverse causality19, that is, undiagnosed 
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 6
dementia causing low blood pressure, the first four years  of follow-up were excluded in the primary analysis.  
Statistical Analysis 
 Cox models, stratified by practice, were used to determine hazard ratios for the association between blood pressure and risk of vascular dementia, while accounting for clustering of patients by practice. Blood pressure was analysed both as a categorical variable, which does not assume any particular shape of the association between blood pressure and vascular risk, and as a continuous variable, which assumes a linear relationship. The primary analysis was adjusted for age, sex, body mass index and smoking status. Proportional hazards assumption was tested by plotting Schoenfeld residuals.  Multiple imputation using chained equations, was used to impute missing covariates (BMI and smoking for the primary analysis, total cholesterol and HDL cholesterol for the secondary analysis); five imputations were generated. Regression dilution bias was adjusted for using serial measurements of blood pressure (Supp. Methods). 
 
Sensitivity analyses 
 Five sensitivity analyses were conducted. First, models were further adjusted for total cholesterol, HDL cholesterol and the presence of diabetes. Second, models were further adjusted for socioeconomic status and for year of the initial blood pressure measurement, as a categorical variable (1990-1994, 1995-1999, 2000-2004, 2005-2009, 2010-2013). Third, individuals prescribed antihypertensive medication or lipid lowering drugs at baseline or during follow-up were excluded. Fourth, individuals with mixed dementia (i.e. diagnosed with both Alzheimer’s disease and vascular dementia) 
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 7
and individuals diagnosed with vascular dementia, but also prescribed donepezil, galantamine, memantine and rivastagime were excluded. Fifth, events within the first zero to two, two to four, four to six, six to eight, and over eight years of follow-up for individuals aged 71 to 90 were examined to determine if previously described inverse associations between blood pressure and risk of dementia in old age were due to reverse causality.6  
 To investigate to what extent the potential association between blood pressure and vascular dementia was mediated by stroke or TIA, we adjusted for occurrence of stroke or TIA during follow up (Supplementary Methods).  
Oxford Vascular Study Cohort To confirm findings independently, we studied the association between prior BP and subsequent risk of dementia in a population-based cohort of all individuals with a first TIA or stroke (Oxford Vascular Study; OXVASC) recruited from 1/4/2002 to 31/3/2012. The methods of ascertainment and follow-up in OXVASC have been reported previously20, and are summarized in the supplementary appendix. This cohort has two advantages in relation to the described primary care cohort. First, all patients underwent cognitive screening after their initial TIA or stroke to exclude pre-morbid or baseline dementia and the subsequent diagnosis of dementia was made by a dementia specialist physician, based mainly on prospective face-to-face follow-up in clinic or at home using a multi-domain screening tool (Supp. Methods). These assessments were made without knowledge of the data on prior blood pressure, which were collected by independent investigators from the primary care records, thereby reducing the potential risk of biased outcome reporting and classification because of 
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 8
differences in BP. Second, since the predominant type of dementia in this cohort is vascular, we were able to study the risk of all dementia on follow-up, thereby eliminating any potential diagnostic bias whereby cases of dementia were more likely to be diagnosed as “vascular dementia” because of a history of hypertension or in light of recent BP readings. The five-year risk of new dementia during follow-up in OXVASC was related to mean pre-morbid blood pressure based on all readings recorded in primary care records since 1990 using a Cox model with and without adjustment for age, sex, smoking and BMI.  
 
Results  In the primary care cohort, 4.7 million individuals had at least one acceptable blood pressure measurement at baseline and were eligible for inclusion in the analysis (Supp. Figure I). 12 449 individuals were excluded for a prior diagnosis of dementia and 405 516 individuals were excluded for prior vascular disease, leaving a cohort of 4.28 million individuals, free of vascular disease and dementia. Baseline characteristics are provided (Supp. Table III).  
In total, 14 934 patients were reported to have vascular dementia during follow-up. 3820 of these presentations were recorded in the first four years of follow-up and excluded from the primary analysis. Therefore, 11 114 cases of vascular dementia were included in the primary analysis. 
The association between usual SBP and risk of vascular dementia appeared broadly linear within the age groups of 30-50 and 51-70 (Figure 1). No clear evidence of a nadir was observed, although floating risks appeared to plateau at approximately 120 mm Hg SBP in both the 30-50 year and 51-70 year age groups. In contrast, in the age group 



For S
tro

ke
 P

ee
r R

ev
iew

. D
o n

ot d
ist

rib
ute

. D
es

tro
y

    
    

    
    

    
    

    
    

   a
fte

r u
se

.

 9
of 71-90 years, floating risks of vascular dementia showed no significant association with baseline SBP. The strength of association per 20 mm Hg higher usual SBP diminished with increasing age category, from an HR of 1.62 (95% CI 1.13, 2.35) in the age group 30 to 50 years, to an HR of 1.26 (95% CI 1.18, 1.35) in the age group of 51 to 70 years, to an HR of 0.97 (95% CI 0.92, 1.03) in the age group 71 to 90 years (p trend =0.006, Figure 1 and Figure 2). There was no evidence of interaction by sex (Figure 1). Estimates for usual baseline diastolic blood pressure (DBP) were similar (Figure 1 and Figure 2) to usual SBP.  
Estimates per 20 mm Hg higher SBP were similar when models were further adjusted for total cholesterol, HDL cholesterol and baseline diabetes (Supp. Figure II) and baseline BP measurement period (Supp. Figure III). When individuals prescribed antihypertensive and lipid lowering therapies at baseline or during follow-up were excluded, the HR per 20 mm Hg higher SBP was strengthened in the age group 51-70 years (HR 1.56 CI 1.31, 1.85), although there were too few events to reliably ascertain the association in the age group 31-50 years (Supp. Figure IV). Estimates were similar when individuals diagnosed with Alzheimer’s disease or prescribed anti-dementia drugs (in addition to a diagnosis of vascular dementia) were excluded (Supp. Figure V). Overall for individuals aged 70 years or less at baseline, 20 mm Hg higher usual SBP was associated with a 26% higher risk of vascular dementia (HR 1.26 CI 1.17, 1.34, Figure 3).   When only events in the first 2 years were considered, significant negative associations with both systolic (HR 0.51 CI 0.45, 0.56 per 20 mm Hg higher usual SBP) and diastolic blood pressures (HR 0.61 CI 0.54, 0.70 per 10 mm Hg higher usual DBP) were observed 
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 10
for the age group 71-90 (Figure 4). However, progressive examination of greater lengths of follow-up reduced the measured negative association for both systolic and diastolic blood pressure. Indeed, after exclusion of the first eight years of follow-up, no significant association with systolic blood pressure or diastolic blood pressure was observed. Tests for interaction by period of follow-up were highly significant (p heterogeneity < 0.0001).   In the primary care cohort, a total of 27 316 TIA events and 38 199 stroke events were observed after exclusion of the first four years of follow-up. Adjustment for both TIA and stroke reduced the HR to 1.18 (CI 1.10, 1.26), indicating that 30% of excess risk of vascular dementia per 20 mm Hg higher SBP is mediated through future stroke and TIA (Supp. Figure VI).  In the OXVASC cohort, 1680 patients with a recent first TIA or stroke  did not have dementia at baseline assessment. Mean (IQR) age was 74 (64-82) years, 823 (49.2%) were women, 232 (13.8%) were diabetic, 739 (44.0%) had never smoked, and 985 (58.6%) were on prior BP-lowering medication. During 5-year follow-up 314 patients developed new dementia. Risk of new dementia was unrelated to the most recent pre-morbid SBP or DBP in patients (Table 1). However, there were significant positive associations with both DBP and SBP in 5-9 years prior to the TIA/stroke and particularly 10-20 years prior (Table 1). These associations were stronger in patients aged<75 years and those not on prior BP lowering drugs (Supp. Table IV).   
Discussion  
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 11
In our main analysis of 4.28 million individuals and 11 114 presentations of vascular dementia, blood pressure was found to be continuously associated with future risk of vascular dementia, with a possible plateau at 120 mm Hg. The association between blood pressure and risk of vascular dementia declined with increasing age, from a 62% higher risk per 20 mm Hg higher SBP in the age group 30 to 50 years, to a non-significant association in the age group of 71 to 90 years when early events after start of follow-up were excluded. A large proportion of the association between blood pressure and risk of vascular dementia in the age group 30 to 70 years was mediated by future stroke and transient ischemic attack.  Findings were broadly similar in our analysis of the risk of new dementia in the OXVASC patients with TIA or stroke. Indeed, a major strength of our study is the combination of the “big data” from the CPRD with the more deeply phenotyped prospective population-based data from OXVASC. Risk of dementia within 5-years of recruitment into OXVASC was unrelated to the most recent pre-morbid blood pressure, but no statistically significant negative associations were observed even in this group. Significant positive associations with both DBP and SBP were observed with measurements 5-9 years and 10-20 years prior to the TIA or stroke.   Previous studies (Supp. Table I) have been limited by relatively small sample sizes and have provided conflicting results on the relationship between blood pressure and vascular dementia. In an analysis of the relationship between midlife blood pressure and vascular dementia, with 38 presentations of vascular dementia, SBP was significantly and positively related to the risk of vascular dementia (OR 1.33 CI 1.14, 1.56 per 10 mm Hg higher SBP).9 In contrast, in an analysis of 6668 participants aged 
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55 years and older with 46 presentations of vascular dementia, no significant association between SBP and risk of vascular dementia was observed.10 An inverse association was observed in a cross-sectional analysis of 1642 individuals, with hypertensive individuals (SBP > 140 mm Hg) having a 50% lower odds (OR 0.5 CI 0.27, 0.92) of developing vascular dementia than non-hypertensive individuals.11   Our results characterize the age-dependent relationship between blood pressure and risk of vascular dementia and support the previously reported positive associations between blood pressure in mid-life and vascular dementia. Our estimate of an HR 1.62 (CI 1.13, 2.35) in the age group 30 to 50 years in the primary care cohort is consistent with that of Yamada et al., who estimated an OR of 1.77 (CI 1.30, 2.43) per 20 mm Hg higher SBP in a population where the large majority of participants were at age 30 to 50 years at baseline.9 However, contrary to previous analyses suggesting that late-life blood pressure has either no association or an inverse association with risk of vascular dementia, our results demonstrate that elevated blood pressure in the age range of 51 to 70 years is a significant a risk factor for vascular dementia and refutes earlier reports of an inverse association between blood pressure and risk of vascular dementia in the age range of 71 to 90 years. Although we observed a negative association between systolic and diastolic blood pressure and risk of vascular dementia within the first two years of follow-up, consistent with previous analyses11, this association disappeared after excluding the first four years of follow-up. Similarly, in the OxVASC cohort of patients with symptomatic  cerebrovascular disease, there was no suggestion of a negative association even at age>75 years. These results suggest that previously reported inverse associations between blood pressure and risk of 
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vascular dementia are due to reverse causality, and are not due to reduced cerebral perfusion causing vascular dementia, as has been previously suggested.6,12,21   Recent studies have suggested that elevated blood pressure may be unassociated with incident Alzheimer’s disease22, and or may be inversely associated. 23 These findings, which differ from the current analysis, may be due to methodological differences or may reflect genuine differences in the pathophysiology of vascular dementia relative to Alzheimer’s disease. In favor of the former hypothesis is evidence of a shared pathology between Alzheimer’s disease and vascular dementia, which suggests that classification of either disease is not rigid.24 Furthermore, vascular dementia may represent a heterogeneous group of disorders with differing pathophysiologies and courses depending on the source of dementia (e.g. large infarction versus small vessel disease). 25 Advances in classification and clinical diagnosis of subtypes of dementia may allow for more consistent estimation of associations with risk factors in epidemiological studies.  Assuming causality, our results suggest that individual or population based methods to lower blood pressure, even late in life, may further reduce the incidence of vascular dementia. As our results also indicate that a large proportion of the association of blood pressure with risk of vascular dementia is mediated through stroke and TIA, efforts to prevent these forms of cerebrovascular disease, as well as efforts to rapidly treat stroke and TIA, may further reduce the future burden of vascular dementia in developed and developing countries. However, when considering that only 30% of the excess risk of vascular dementia associated with a 20 mm Hg higher SBP was mediated by future stroke or TIA in the CPRD analysis, efforts to reduce blood pressure are likely 
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to have a larger impact in reducing the risk of vascular dementia than that expected simply from prevention and treatment of overt stroke or TIA.  Our analysis of the primary care cohort has a number of strengths. It is the largest analysis to date of the association between blood pressure and risk of vascular dementia (Supp. Table I). It is also contemporary, with many individuals prescribed antihypertensive medication and statins.  However, our use of the primary care cohort does have several limitations. First, recording of dementia in primary care records has low sensitivity. 26,27 Second, it is possible that the coding of vascular dementia would be influenced by prior hypertension since hypertension is included in most diagnostic criteria for vascular dementia.28,29 Given the consequent potential circularity of associations between blood pressure and vascular dementia, we studied the risk of all new dementia in the OXVASC TIA and stroke cohort and found strong confirmatory associations between prior blood pressure and dementia. Third, several of our covariates had high rates of missingness, including 31% for BMI and 73% for total cholesterol. However, simulation studies have suggested that multiple imputation can produce accurate estimates even at high rates of missingness30-32 and estimates were similar with and without adjustment for cholesterol.  In conclusion, blood pressure is continuously related to risk of vascular dementia at baseline age of 70 years and less and prior blood pressure is a strong risk factor for dementia during follow-up after TIA and stroke.  Although the strength of these associations declines with increasing age, previous reports of an inverse association between blood pressure and risk of dementia in the ages 71 to 90 years was refuted. Assuming causality, individual and population based efforts to reduce blood pressure 
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and reduce the complications of cerebrovascular disease may further reduce the incidence of vascular dementia.  
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 Table 1. Risk of dementia during follow-up (excluding premorbid and baseline dementia) in relation to mean pre-morbid blood pressure (hazard ratio per 20/10mmHg increase in mean SBP/DBP) readings in cohort of patients with a first TIA or stroke (OXVASC cohort) stratified by measurement period (years prior to TIA/stroke), with two sensitivity analyses: 1. excluding patients on BP-lowering medication prior to the first TIA/stroke; 2. excluding dementia with onset after recurrent stroke.  
 
     All patients                 Patients not on prior BP-lowering drugs    All patients (censored at recurrent stroke)  

          (n=1680; 314 events)   (n=695; 92 events)   (n=1680; 287 events) 
Unadjusted Adjusted Unadjusted Adjusted Unadjusted Adjusted  
HR (95% CI) HR (95% CI) HR (95% CI) HR (95% CI) HR (95% CI) HR (95% CI) 

Mean SBP 
10-20 years ago 1.61 (1.40-1.84) 1.25 (1.07-1.46) 2.30 (1.72-3.10) 1.57 (1.12-2.19) 1.58 (1.37-1.82) 1.22 (1.04-1.43) 
5-9 years ago 1.64 (1.42-1.88) 1.28 (1.10-1.48) 1.80 (1.38-2.35) 1.22 (0.91-1.64) 1.60 (1.39-1.85) 1.25 (1.07-1.46) 
<5 years ago 1.16 (1.06-1.27) 1.03 (0.95-1.12) 1.22 (1.05-1.43) 1.06 (0.93-1.21) 1.17 (1.07-1.29) 1.04 (0.95-1.13) 
Most recent 1.11 (0.99-1.24) 0.98 (0.87-1.10) 1.42 (1.15-1.76) 1.11 (0.89-1.39) 1.12 (0.99-1.26) 0.99 (0.88-1.12) 
Mean DBP   
10-20 years ago 1.27 (1.10-1.46) 1.19 (1.03-1.39) 1.73 (1.27-2.34) 1.58 (1.14-2.19) 1.23 (1.07-1.43) 1.16 (0.99-1.35) 
5-9 years ago 1.13 (0.98-1.31) 1.20 (1.03-1.40) 1.28 (0.95-1.73) 1.26 (0.92-1.72) 1.12 (0.96-1.30) 1.18 (1.00-1.39) 
<5 years ago 1.02 (0.96-1.09) 1.03 (0.95-1.11) 1.09 (0.98-1.21) 1.07 (0.94-1.21) 1.03 (0.96-1.10) 1.03 (0.95-1.12) 
Most recent 0.89 (0.80-1.00) 1.02 (0.91-1.13) 1.06 (0.86-1.31) 1.17 (0.94-1.45) 0.88 (0.79-0.99) 1.00 (0.90-1.13) 
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Figures 
   Figure 1. Floating absolute risk of new onset dementia in the primary care cohort by systolic and diastolic blood pressure, stratified by age category (30-50,51-70,71-90). Model adjusted for BMI, smoking status, sex and an interaction term between age category and categorical blood pressure (plotted).    Figure 2. Hazard ratio per 20 mm Hg higher usual systolic blood pressure and 10 mm Hg higher usual diastolic blood pressure in the primary care cohort. Model adjusted for BMI, smoking status, sex, age category, an interaction term between age category and continuous age and an interaction term between age category and blood pressure (plotted). No. VaD refers to the number of vascular dementia events.    Figure 3. Risk of vascular dementia by onset of dementia (early onset: age at diagnosis or end of follow-up < 65 years, late onset: age at diagnosis or end of follow-up > 65 years), BMI and sex for individuals 70 years or less at baseline in the primary care cohort. Models adjusted for age, BMI, sex and smoking status. Models in subgroups further adjusted for an interaction term between BP and age at event (plotted, Onset subgroup), BMI categories and an interaction term between BP and BMI categories (plotted, BMI subgroup), an interaction term between BP and sex (plotted, sex subgroup). No. VaD refers to the number of vascular dementia events.  Figure 4. Risk of vascular dementia for individuals aged 71 to 90 years, by period of follow-up for (A) systolic blood pressure and (B) diastolic blood pressure in the primary care cohort. Model adjusted for blood pressure (plotted), age, sex, BMI and smoking status. 
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